Despite the existence of morphologically indistinguishable disease, patients with advanced ovarian tumors display a broad range of survival end points. We hypothesize that gene expression profiling can identify a prognostic signature accounting for these distinct clinical outcomes. To resolve survival-associated loci, gene expression profiling was completed for an extensive set of 185 (90 optimal/95 suboptimal) primary ovarian tumors using the Affymetrix human U133A microarray. Cox regression analysis identified probe sets associated with survival in optimally and suboptimally debulked tumor sets at a P value of <0.01. Leave-one-out cross-validation was applied to each tumor cohort and confirmed by a permutation test. External validation was conducted by applying the gene signature to a publicly available array database of expression profiles of advanced stage suboptimally debulked tumors. The prognostic signature successfully classified the tumors according to survival for suboptimally (P = 0.0179) but not optimally debulked (P = 0.144) patients. The suboptimal gene signature was validated using the independent set of tumors (odds ratio, 8.75; P = 0.0146).
Introduction
Ovarian cancer is the fifth most common form of cancer in women in the United States, accounting for 26% of those cases occurring in the female genital tract. It is estimated that 15,280 deaths will result from ovarian cancer in the year 2007, making it the most lethal of all gynecologic cancers (1) . Of these deaths, the vast majority (60%) will be attributed to serous carcinoma of the surface epithelium (2) . Most patients will present at an advanced stage with metastases present beyond the ovaries precluding curative treatment (3) . Standard disease management includes complete cytoreduction followed by administration of platinumand taxane-based chemotherapy (4) . Despite the fact that 80% of advanced stage papillary serous ovarian cancers (stages III/IV) initially respond to primary treatment with surgery and chemotherapy, most recur with a drug resistant phenotype. In contrast, subsets of patients with clinically and morphologically indistinguishable disease, develop a more chronic form of ovarian cancer, and may survive 5 or more years with treatment. This observation suggests that patients with aggressive disease have a biologically different disease from patients that display more indolent forms of ovarian cancer. Consequently, there is a critical need for diagnostic classifiers that can reliably stratify patients for therapy, as well as novel targets for therapeutic intervention.
It has been shown that high-density transcription profiling can identify differentially expressed genes and establish molecular signatures in numerous biological systems including ovarian cancer (5) (6) (7) (8) (9) . Recent efforts to derive clinical predictors for survival in ovarian cancer from gene expression data have focused on discrete patient groups clustered at either end of the survival spectrum (10) (11) (12) . We hypothesize that correlating survival, as a continuous variable, with gene expression will provide a predictive signature for advanced stage serous ovarian cancer patients who are likely to develop aggressive disease.
In this study, we describe an analysis of a series of advanced stage, high-grade ovarian cancer specimens using the Affymetrix human U133A GeneChip oligonucleotide expression array to identify a prognostic gene signature correlating with survival. To account for the effect of debulking status on survival, we assessed optimally and suboptimally debulked tumors independently. Validation of the gene signature included reverse transcription-PCR (RT-PCR) of specific genes and successful application of the signature to an external publicly available set of gene array data on similar patients. Finally, pathway analysis of the expression data identified survival-associated signaling cascades underlying the prognostic signature. Together, these data have defined a prognostic signature relevant for suboptimally debulked ovarian cancer patients, and identified candidate genes whose expression may mediate survival in this high-risk subpopulation.
Materials and Methods
Tissue specimens. Tumor specimens were obtained from 185 previously untreated late-stage (III-IV) high-grade (2, 3) ovarian cancer patients hospitalized at the Memorial Sloan-Kettering Cancer Center between 1990 and 2003. Optimally debulked was defined as the removal of all tumor nodules >1 cm in maximal dimension. All specimens consisted of z80% tumor and were reviewed for histology and tumor grade. A set of 10 normal ovarian surface epithelium (OSE) cytobrushing specimens was also obtained as previously described (6) . All specimens, and their corresponding clinical information, were collected under protocols approved by the institutional review boards of the institution.
Total RNA isolation and amplification for Affymetrix GeneChip hybridization and image acquisition. Total RNA was subsequently isolated using the RNeasy Micro kit (Qiagen), quantified, and checked for quality with a Bioanalyzer 2100 system (Agilent) before further manipulation. Sufficient labeled amplified RNA (aRNA) for microarray analysis was generated from tumor or OSE-derived total RNA using a single round of amplification as previously described (13) . Array images were acquired using a GeneChip Scanner 3000 (Affymetrix). All microarray experiment was done in a single laboratory.
Data normalization and survival association. Robust Multi-Array pre-processing was completed for all 185 tumor and 10 OSE arrays under consideration using the Bioconductor suite of array analysis tools running in R version 2.0.1 (R Development Core Team, 2004). To establish whether gene expression was associated with survival, a univariate Cox proportional hazards model (Wald statistic) was fit for each gene to test for an association between gene expression and survival (P < 0.01). The resulting list underwent leave-one-out cross-validation (LOOCV) and permutation analysis with a log-rank test to confirm the utility of the list as described in the Supplementary Methods.
Hierarchical clustering. Hierarchical clustering of the suboptimally debulked patients used gene expression data from the corresponding survival signature. Both specimens and genes were clustered with a 1-correlation metric using average linkage in R.
Quantitative RT-PCR validation. Quantitative RT-PCR (qRT-PCR) was performed on 50 ng of total RNA from 30 suboptimally debulked specimens using primer sets specific for 19 select genes and the house keeping genes GAPDH, GUSB, and cyclophillin as previously described (13) . Primer sequences can be seen in Supplementary Table S4 .
External validation. To show the predictive ability of the gene signature, a predictor was built by our entire expression profile data of 95 suboptimally debulked tumors and validated by the gene expression profiles of 29 ovarian cancer patients with suboptimally debulked tumors (10) . Using the signature of 572 genes associated with survival (P < 0.01) in the training set, patients in the validation set with compound covariate score above the median value obtained in the training set were classified into a poor-prognosis group, whereas those below the median were classified into the good-prognosis group. Because the training and validation sets were generated in different institutions, to make the data comparable with each other, the expression measurements for each probe set in each data set were median centered. We evaluated the predictive power of the prognosis profile using univariate and multivariate statistical analyses. For the univariate analysis, the odds ratio for long survival in the group with a good-prognosis signature, relative to the group with a poorprognosis signature was estimated. For the multivariate analysis, logistic regression analysis was used to adjust the association between survival (short versus long) and prognosis signature for other clinical variables. Class comparison and pathway analyses. Differentially expressed genes were identified for the 95 suboptimally debulked tumor and OSE specimens using a multivariate permutation test in BRB-ArrayTools version 3.2.2 software developed by Dr. Richard Simon and Amy Peng Lam of the Biometrics Research Branch of the National Cancer Institute. A random variance t test using 2,000 permutations was completed to identify the list of probe sets containing fewer than 10 false positives at a confidence of 95%. Differential expression was considered significant at a P value of <0.001.
To identify coregulated pathways affecting the survival of suboptimally debulked patients, lists containing differentially regulated probe sets in tumor versus OSE and identifiers highlighting survival associated genes were analyzed using PathwayStudio version 4.0 software (Ariadne Genomics).
Results
Clinical characterization of the tumor isolates. A total of 185 stage III, high-grade primary tumor specimens were obtained from patients with papillary serous tumors of the ovary whose survival spanned a spectrum of 13.6 years. With a median age of 64 years (range, 26-85 years), the median survival time was 2.7 years postsurgery. The overall response rate was 83% with all but one patient receiving a platinum-based primary chemotherapy (see Supplementary Table S1 ). Partitioning the sample according to debulking status yielded 90 optimally and 95 suboptimally debulked tumors with a median survival time of 3.5 and 2.2 years, respectively. Of the patients with optimally and suboptimally debulked tumors, 39 and 17 were still alive at the time of analysis, respectively.
Total RNA was isolated from these specimens, amplified, and hybridized to Affymetrix human U133A GeneChip oligonucleotide microarrays. The resulting microarray signal intensities for all 22,823 probe sets were normalized. To assess whether a prominent survival signature was evidenced in the array data, hierarchical clustering was conducted for probe sets possessing a variance in the top third across the specimens (Fig. 1A) . From this analysis, distinct clustering based on survival (see Supplementary Fig. S1 ) or debulking status was not observed for the 185 tumors. Further analysis using additional filtering criteria showed a similar result (see Supplementary figure). Because debulking status is a robust predictor for prognosis in ovarian cancer, its contribution to survival was also evaluated. Generating a Kaplan-Meier plot distinguishing optimally from suboptimally debulked tumors yielded a significant difference (P < 0.003) in survival for the two groups by log-rank test (Fig. 1B) . Given the significant contribution of debulking to outcome, the tumors were stratified according to debulking status for downstream analyses.
Derivation and validation of a gene signature predictive for survival in patients with papillary serous ovarian cancer. Among the optimally debulked tumors, 263 probe sets (Supplementary Table S2 ) were significantly associated with survival (P < 0.01; false discovery rate, 0.84) based on Cox regression analysis. Evaluation of the predictor using a compound covariate algorithm failed to reliably distinguish good from poor-prognosis patients during permutation of the LOOCV analysis (P permutation = 0.144; Fig. 2A ). For suboptimally debulked patients, 572 survivalassociated probe sets (Supplementary Table S3 ) were identified by Cox regression analysis (P < 0.01; false discovery rate, 0.38). LOOCV of the survival analysis successfully discriminated between the two prognosis groups and withstood permutation analysis (permutation P = 0.0179; Fig. 2B ). Repeating the analysis with a multivariate Cox regression analysis after adjusting for age also yielded a significant association (P = 0.03). Together, these data supports the existence of a prognostic gene expression signature for suboptimally debulked disease. Of note comparison of the gene list for the optimally debulked patients to the suboptimally debulked patients identified only a five-gene overlap, suggesting the effect of gene expression on survival is different in the two groups.
Expression profiling cannot distinguish between optimally and suboptimally debulked tumors. As presented above, hierarchical clustering did not reveal distinct clusters of optimal and suboptimal specimens. Supervised analysis of optimal and suboptimally debulked tumors revealed that of 22,283 probes, only 21 were differentially expressed between these two groups at the 0.001 significance level, which is less than what would be expected by chance alone. Furthermore, comparison of the survival gene lists for the optimally debulked tumors to the suboptimally debulked tumors identified only a five-gene overlap, suggesting the effect of gene expression on survival is different in the two groups.
Validation of the suboptimal survival signature. To validate the suboptimal survival signature, qRT-PCR was performed for 30 total RNA samples, which were included in the microarray analysis, using gene-specific primers for 19 randomly selected genes. Assayable expression levels for each gene were obtained and correlated to the corresponding microarray signal intensities. There was favorable agreement between the microarray and qRT-PCR data by Pearson correlation in 17 of 19 genes ( Supplementary Figs. S2  and S3; Fig. 3 ).
To provide an additional level of validation, we tested our gene signature against an independent set of expression arrays from suboptimally debulked patients. The database from this study was publicly available (10) . Although this study dichotomized survival and did not provide the specific survival time, we hypothesize that our gene list should still be able to distinguish ''long'' survivors from ''short'' survivors. Our 572-gene signature for the suboptimally debulked tumors is associated with survival in the validation set (P = 0.0149, Pearson's m 2 test). The crosstabulation of prognosis and survival showed that 7 of 10 patients with long survival were classified as good prognosis, whereas 15 of 19 of patients with short survival were classified as poor prognosis by our gene signature. The estimated odds ratio for long survival in the group with a good prognosis relative to the group with poor prognosis was 8.75. The odds ratio remains significant (P = 0.0146) after adjusting for age and tumor grade.
Identification of signaling events affecting suboptimally debulked patient survival. To ascertain whether subsets of the survival-associated genes might be participating in coordinated signaling pathway(s) contributing to patient outcome in suboptimally debulked patients, highly correlated probe sets (P < 0.001) identified during Cox regression analysis were visualized by hierarchical clustering (Table 1 ). The 57 probe sets clustered the 95 suboptimally debulked specimens according to survival ( Fig. 4A ; P = 0.001). As detailed in Fig. 4B , the prognostic expression signature partitioned the tumors with good-prognosis patients clustering in group A and those with a poor prognosis in group B. In addition, the majority of living patients resided in group A (12 versus 5; P <.05).
Utilizing this subset of genes, a biological association network (BAN) describing the minimum number of connections to join all of the survival-associated probe sets was determined. Of the 57 probe sets under consideration, only 38 possessed at least one documented interaction in the database. To place the pathway in a disease-specific context, the 95 suboptimally debulked tumor specimens were compared with 10 normal OSE brushings analyzed with the identical Affymetrix array platform. This identified a total of 3341 differentially regulated probe sets. Overlaying differential gene expression data onto the BAN identified subsets of coregulated pathways implicated in cell proliferation, motility, apoptosis, chemoresistance, secretion, and chromatin maintenance with distinct sets of the genes associating with discrete patient groups when clustering probe set expression (Fig. 5A) . As highlighted in Fig. 5B, survival signature genes KL, SIRT1, RAB2, IGFBP5 , REV3L, LEPR, MTAP, DNASE2, and BAT8 featured prominently in these processes.
Discussion
Transcription profiling has been used to derive molecular signatures associated with ovarian cancer (6, 9, 13, 14) . However, only a few methods have been proposed to analyze survival outcome using microarray data. The first approach uses hierarchical clustering complemented by an assessment of survival distributions among clusters using traditional approaches, e.g., logrank test (5, 15) . However, our samples were homegenous in relation to histology, grade, and stage. Furthermore, subgroups in this histotype have not been reported precluding use of a clusterbased strategy. The second genre of analysis attempts to reduce data dimensionality by clustering gene expression including partial least squares or support vector machines (16, 17) . These methods use a combination of all the genes to predict survival adding noise to the model because the vast majority of the genes should be unrelated to survival impeding the identification of genes that are the optimal predictors. Indeed, studies have shown that using only a subset of genes generally performs better than using all genes. Recent work by Berchuck and colleagues, as well as other groups (10) (11) (12) , has used this type of approach to identify genes associated with long-term survival in serous ovarian cancer by comparing patient groups at opposing ends of the survival spectrum. However, it remains unclear whether these predictors are applicable to the majority of patients who will eventually die at an intermediate time point. In addition, their algorithms did not account for censoring and/or debulking status.
To overcome these limitations, our approach relied upon a Cox proportional hazards model evaluating survival as a continuous variable relative to gene expression (18) . In this way, top survivalassociated genes were easily selected for analysis with a compound covariate predictor and evaluated as a complex multigene signature applicable to a broad range of survival end points. LOOCV combined with a permutation test was applied across each set of tumors to estimate the prediction error. This approach Figure 4 . Clustering of highly correlated survival-associated probe sets in suboptimally debulked patients. A, median-centered expression data for the top 57 probe sets (y axis) associated with survival by Cox regression analysis (P < 0.001; red, overexpression; green, underexpression). B, the majority of living patients (12 versus 5; P < 0.05, m 2 ) clustered with deceased patients possessing extended survival times (y) in group A (x axis; P = 0.005, Student's t test).
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To fully validate our signature, we tested it against an independent set of expression arrays from suboptimally debulked patients (10) . The gene signature was statistically significantly associated with survival in this external validation set despite the fact that these cases had been dichotomized into short and long survivors. We think this reflects the robustness of the signature and its broad applicability.
Although this algorithm successfully identified a validated signature for suboptimal tumors, it was unable to do so for optimally debulked patients. This discrepancy is not a limitation of the statistical approach chosen here but rather a direct effect of the censoring status for a large proportion of the optimally debulked patients (43.3%). Because optimal debulking is generally associated with increased survival, a considerable number of patients were alive at the time of the analysis diminishing its power. Our decision to stratify based on debulking status resulted from the significant effect of this feature on patient outcome. Interestingly, direct comparison of these two groups of patients did not yield a statistically significant gene list. This is consistent with the inability of clustering to distinguish these groups of tumors. This striking finding does not diminish the important clinical effect of debulking but suggests possible mechanisms by which debulking improves survival. The clinical effect of debulking could relate to the surgical procedure itself either directly to tumor tissue removed or Figure 5 . Assessment of putative signaling events contributing to patient survival in suboptimally debulked patients. A, 1-correlation clustering with average linkage of the 57 survival-associated genes identified several patient subgroups with discrete sets of coregulated genes. B, pathway analysis of the prognostic signature identified signaling events implicated in cell proliferation, motility, apoptosis, chemoresistance, secretion, and chromatin maintenance.
indirectly via an inflammatory/immune response rather than any biological difference between these sets of tumors. Conversely, it is possible that there are not sufficient numbers of specimens in this study to identify subtle gene expression differences among these two sets of tumors.
When comparing the suboptimal survival signature to previous analyses relating gene expression to survival in the context of ovarian cancer, overlap in the prognostic lists was not observed (10) (11) (12) . Indeed, even among these earlier studies, which all derived their predictors by evaluating short-and long-term survivors, coexpressed genes were not evidenced. These discrepancies are likely related to the algorithm(s) selected for derivation of the signature. For this evaluation, the application of Cox regression analysis to identify genes correlating with survival across a range of distinct survival end points precludes direct comparison to these prior studies.
By using pathway analysis software to identify signaling events in ovarian tumor specimens, we applied our classifier to an extensive database of tumor versus normal to identify major tumor-specific signaling pathways (13) . Using this approach, we identified alterations in pathways modulating cell proliferation, motility, chemoresistance, secretion, apoptosis, and chromatin maintenance as prominent survival associated events. For instance, IGFBP5 is significantly up-regulated in ovarian cancer. Insulin-like growth factor (IGF)-1 is a potent mitogenic factor in both tumor tissue (21, 22) and is modulated by IGF-binding protein (IGFBP) family members. Interestingly, IGFBP5 has been identified in a poorprognostic gene expression signature in breast cancer, and its overexpression has been implicated in tumor metastasis in patients with the disease (23, 24) . Another example is a pathway involving E2F1 expression. E2F1 expression is stimulated by Klotho (KL) through CEBPD-mediated transcription (25) . Together with activated AKT signaling, increased expression of E2F1 by KL may promote chemoresistance reducing patient survival. E2F1 induces expression the of SIRT1, which permits tumor cells to overcome the affects of toxic stress caused by chemotherapeutic agents through deacetylation of FOXO survival proteins (26, 27) . E2F1 also induces aberrant expression of MAD2, a component of the centromere during cell division, leading to deleterious chromosomal division (28) . Furthermore, MAD2 complexes with REV3L a DNA repair polymerase that retains a high degree of processivity in the presence of cisplatin-induced adducts linking the spindle assembly checkpoint with DNA repair (29, 30) . These alterations in KL, SIRT1, and REV3L expression may allow ovarian cancer cell to overcome cellular stress and the cytotoxic effects associated with chemotherapeutic treatment, which in turn may be critical determinants in the poor outcome of these patients.
Among suboptimally debulked patients with a good prognosis, antiproliferative, antiapoptotic, and chromatin maintenance signaling events were evidenced. MTAP is a key enzyme in the methionine salvage pathway, which resides in a genomic region that is frequently deleted in primary cancers and cell lines (31, 32) . Also exerting an antiproliferative effect are G9A together with DNMT1, which ensure chromatin methylation patterns are perpetuated during cell divisions stabilizing the genome (33, 34) . Despite a cellular environment that is conducive to cellular proliferation and genomic instability, differential regulation of key genes that mitigate these events may enhance patient survival.
This work identified a validated prognostic gene expression signature in suboptimally debulked patients with serous ovarian cancer. The expression of these genes significantly affects the survival of distinct patient groups by modulating tumor biology. The signaling events affected by many of these genes occur in pathways that are essential for tumor survival and expansion. These genes may serve as suitable targets alone or in combination for individualized therapeutic intervention. Ultimately, defining clinically relevant diagnostic signatures that are relevant across a broad spectrum of survival end points will not only facilitate management of the disease but will identify the optimal set of therapeutic targets.
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